ABSTRACT: Finishing Holstein young bulls exclusively on pasture generally results in very lean carcass and meat, but corn supplementation is expected to simultaneously improve carcass traits and intramuscular lipids (IML). The expected increase in IML would allow for a larger 18:2c9,t11 (CLA) deposition in meat without affecting the n-3 PUFA present in LM phospholipids (PL). Holstein bulls (n = 33) with initial BW of 423 ± 52.4 kg reared exclusively on pasture were assigned to 1 of 3 finishing period (85 d) diets: finished exclusively on pasture (P0) or finished on pasture and individually supplemented with 4 (P4) or 8 kg/d (P8) of ground corn. Final BW (546 ± 56.3 kg) was not affected (P > 0.05) by corn supplementation, but ADG increased (P < 0.01) with the increasing corn supplementation level from 1.23 kg/d for P0 to 1.44 kg/d for P4 and to 1.67 kg/d for P8. Subcutaneous fat depth in P0 bulls was 0.8 mm and increased (P < 0.001) in both P4 (2.9 mm) and P8 (2.7 mm) bulls, but no difference (P = 0.73) was observed between P4 and P8 bulls. Similarly, the IML increased with corn supplementation, from 1.84 g/100 g muscle in P0 to 2.96 in P4 and to 3.24 in P8, but no difference (P = 0.55) was found between P4 and P8 bulls. Corn supplementation decreased (P < 0.01) 18:1t11 in neutral lipids (NL) but not 18:2c9,t11 (P > 0.34). The 18:1t10 (mg/g total NL fatty acid [FA] ± SEM) were 2.5 ± 0.13 in P0, 5.5 ± 1.68 in P4, and 14.8 ± 3.18 in P8 bulls, being greater in P8 compared with P4 (P = 0.02). Total FA in muscle PL and SFA were unaffected, but increasing corn supplementation resulted (P < 0.001) in an increase of 18:2n-6 in PL by replacement of mostly the 18:1c9 and 18:3n-3. Notably, the total number of cis double bonds present in FA of PL remained constant (P = 0.74) with corn supplementation. Compared with P0, corn supplementation maintained (P > 0.05) the high n-3 PUFA content in meat (mg/100 g meat) and increased the 18:2c9,t11 (P = 0.028) and 18:1c9 (P < 0.001). However, increasing corn supplementation from 4 to 8 kg/d increased the 18:1t10 (P = 0.031) and had no effect on 18:2c9,t11. Therefore, supplementing grassfinished Holstein bulls with moderate amounts of ground corn (4 kg/d) increased carcass fat cover and IML, maintained n-3 PUFA, and increased 18:2c9,t11 content in meat, whereas greater corn supplementation (8 kg/d; P8) resulted in no further improvements.
INTRODUCTION
The Azorean archipelago has excellent edaphic-climate conditions for the growth of pasture, thus allowing dairy cattle production to be heavily based on year-round grass grazing. More than 40,000 Holstein male calves are produced every year and most of them are reared and finished on grass. Although beef produced exclusively on pasture has a healthier fatty acid (FA) profile richer in n-3 PUFA and CLA compared with grain-fed beef (McAfee et al., 2011) , carcasses from pasture-finished bulls are generally very lean and present low conformation scores. Therefore, finishing strategies to enhance beef production from those bulls are needed.
In the Azores, it is a common practice to finish grazing animals by supplying a cereal-based supplement for a few months before slaughter to provide more energy input to promote greater fat deposition. However, limited information is available on the extent to which the level of cereals provided during a short finishing period affects the meat FA profile of cattle previously fed exclusively on pasture.
Grass-finished beef has higher n-3 PUFA and rumenic acid (18:2c9,t11) than does concentrate-fed beef (French et al., 2000) . The 18:2c9,t11 is preferentially deposited in meat triacylglycerols (TAG; Jerónimo et al., 2011) . Thus, the final 18:2c9,t11 content in meat will be mostly determined by both its concentration in TAG and the amount of TAG in meat. Conversely, the meat n-3 long-chain (LC) PUFA content is determined by their content in phospholipids (PL), as they are preferentially esterified in membrane PL (Raes et al., 2004) . Azorean grass-finishing Holstein young bulls have a very low amount of (or concentration of) intramuscular lipids (IML) and therefore, we hypothesized that corn supplementation of young bull finished on pasture would increase the 18:2c9,t11 content in meat by allowing for more TAG deposition without affecting the amount of n-3 LC PUFA esterified in PL. Therefore, we supplemented grass-reared Holstein bulls with 2 different levels of corn for 85 d and evaluated the growth, carcass parameters, and the FA composition of neutral and polar lipids of LM.
MATERIALS AND METHODS

Animals and Treatments
Thirty-three Holstein young bulls aged 486 ± 60 d and weighing 423 ± 52.4 kg (mean ± SD), which had been reared exclusively on pasture, were blocked according to live weight and age and assigned at random to 1 of the following 3 dietary treatments corresponding to a finishing period of 85 d: finished exclusively on pasture (P0), finished on pasture supplemented with 4 kg of ground corn/ head daily (P4), and finished on pasture supplemented with 8 kg of ground corn/head daily (P8). Animal handling followed the European Union directive 86/609/EEC concerning animal care. The bulls were gradually introduced to the total amount of corn during an adaptation period of 21 d. Ground corn was offered individually once daily at 0730 h using 2 specially built feeding trailers. The corn was generally consumed within 15 to 30 min without refusals. Groups of bulls grazed rotationally in paddocks of about 2 ha at a stocking rate of 1.8 head/ha. Pasture was composed of a mixture of Poa pratensis, Lolium perenne, and Trifolium repens. Table 1 shows the chemical and FA composition of corn and pasture. Bulls were allowed free access to water and trace-mineralized salt blocks during the experiment. The animals were weighed in the morning, always before receiving the corn, at the start of the trial and at 21-d intervals until slaughter.
The experiment was performed on Terceira Island of the Azorean archipelago during spring (maximal vegetative growth) and started on 27 March and ended on 20 June 2007.
Slaughter and Carcass Evaluation
On the day before slaughter, bulls were weighed on the farm and transported to the official abattoir of Terceira Island where they were slaughtered following standard handling procedures. One hour postmortem, carcasses were weighed and graded visually for conformation and fatness. The carcasses were split along the spine and chilled overnight at 4°C. Twenty-four hours later, the following measurements were made on the left side of carcasses: 1) carcass length (from the anterior edge of symphysis pubis to the middle of the anterior edge of the first rib), 2) subcutaneous (s.c.) fat depth (measured at the interface between 10th and 11th ribs at one-fourth, one-half, and three-fourths positions over the LM across the maximal cross-sectional width of the muscle), and 3) area of LM (a contour of the muscle was drawn on an A4 transparency film from the cut surface between the 10th and 11th ribs, being the muscle area [cm 2 ] later determined through a relationship established between area of film within muscle contour and corresponding weight). Samples (2 × 50 g) from LM were taken at the 10th and 11th rib, trimmed of all visible s.c. adipose tissue, vacuum packed, and frozen at -20°C for FA analysis. Half carcasses were then boned and cut following a commercial procedure. Dressing percentage was calculated as the ratio between cold carcass weight (hot carcass weight × 0.98) and live weight immediately before animals left the farm, and carcass thickness was determined as the ratio between cold carcass weight and carcass length. Carcass conformation and fatness scores according to EU official grading system (SEUROP) are presented in a companion paper (Silva et al, 2010) .
Feed Sampling and Chemical Analysis
Every 2 wk, over the duration of the experiment, 10 samples of pasture per hectare were harvested randomly, at 5 cm from ground level, and mixed. The samples were stored at -20°C and finally mixed to obtain a composite sample. Likewise, corn meal was sampled every 2 wk following the same procedure for pasture samples. The feed samples were analyzed for DM, CP, crude fat, and ash according to the Association of Official Analytical Chemists (AOAC, 1990) and NDF, ADF, and ADL according to Robertson and Van Soest (1981) . In vitro OM digestibility of pasture was estimated according to Menke et al. (1979) .
Lipid Analysis
The FA methyl esters (FAME) of feed lipids were prepared by a 1-step extraction transesterification procedure using toluene and heptadecanoic acid was used as the internal standard, according to Sukhija and Palmquist (1988) .
Intramuscular lipids from lyophilized meat samples were extracted according to Folch et al. (1957) but using dichloromethane and methanol (2:1, vol/vol) instead of chloroform:methanol. The lipid extract was separated into neutral and polar lipids. Briefly, samples were introduced into the solid-phase extraction cartridges containing silica gel as packing material (LiChrolut Si, 40-63 μm, 500 mg/mL, Standard; Merck KGaA, Darmstadt, Germany). The neutral lipids (NL) fraction was eluted with dichloromethane and the polar lipids fraction with methanol, according to Juaneda and Rocquelin (1985) . The separated fractions were transesterified with sodium methoxide (0.5 M) in methanol followed by hydrochloric acid in methanol (1:1, vol/vol) as described by Raes et al. (2001) . The FAME were analyzed by gas chromatography with flame-ionization detection (GC-FID) using a HP6890A equipment (Hewlett-Packard, Avondale, PA) and a fused silica capillary column (CP-Sil 88, 100 m by 0.25 mm i.d. by 0.20 μm of film thickness; Agilent Technologies Inc., Santa Clara, CA). Complete chromatographic conditions are described in Alves and Bessa (2009) . Identification of FAME was achieved by comparison of the FAME retention times with those of standards (FAME mix 37 components from Supelco Inc., Bellefont, PA). Additional confirmation of the FAME was achieved by electron impact and chemical ionization mass spectrometry using a Varian Saturn 2200 system (Varian Inc., Walnut Creek, CA) equipped with the same capillary column and with the oven temperatures used for the GC-FID analysis.
The methyl esters of CLA isomers were individually separated by triple column silver ion in series (ChromSpher 5 Lipids, 250 mm, 4.6 mm i.d., 5 μm particle size; Chrompack, Bridgewater, NJ) using an HPLC system (Agilent 1100 Series; Agilent Technologies Inc., Palo Alto, CA) equipped with a diode array detector adjusted at 233 nm (Alfaia et al., 2009 ). The mobile phase was 0.1% acetonitrile in hexane maintained at a flow rate of 1 mL/min, and injection volumes of 20 mL were used. The identification of CLA isomers was achieved by spectral analysis and by comparison of their retention times with commercial standards and with data published in the literature (Cruz-Hernandez et al., 2004) . Standards of CLA isomers (c9, t11, t10, c12, c9, c11, and t9, t11) as methyl esters were purchased from Matreya Inc. (Pleasant Gap, PA). The 18:2t8,c10 isomer standard was prepared according to the procedure described by Destaillats and Angers (2003) . The HPLC areas of 18:2t7,c9, 18:2t8,c10, and 18:2c9,t11 CLA isomers were used to calculate these 3 isomer peaks from GC-FID chromatograms according to Bessa et al. (2007) . The amounts of the CLA isomers were calculated from their Ag + -HPLC areas relative to the area of the main isomer 18:2c9,t11 identified by GC-FID.
Results for each FA in both fractions were expressed as milligrams per gram of the sum of total FA in each fraction, assuming direct proportionality between GC-FID peak area and FAME weight. Total FA content (mg/g fresh meat) in both neutral and polar lipid fractions was determined by applying the appropriate lipid conversion factors to the gravimetric lipid content of each fraction, according to Weihrauch et al. (1977) . The FA content in meat (mg/g fresh meat) was obtained by combining the data from both neutral and polar lipids fractions.
Statistical Analysis
Data were analyzed using PROC MIXED of SAS (SAS Inst. Inc., Cary, NC) considering the effect of treatment as fixed effect. The comparisons between treatment levels were done using contrast testing 1) the global effect of corn supplementation (P0 vs. P4 and P8) and 2) the differences between corn supplementation levels (P4 vs. P8). The homogeneity of variances was checked for each variable and, when needed, models accommodating heterogeneous variances were fitted, following the procedures described by Milliken and Johnson (2009) , and individual standard error of the means are presented in the tables. Least square means, standard error of means, and contrasts P-values were presented in the tables. Differences between means are declared significant for P-values lower than 0.05. Nonsignificant differences between means that presented P-values lower than 0.10 are carefully interpreted as a tendency.
RESULTS
Animal Performance and Carcass Quality
The results of animal performance and carcass characteristics are reported in Table 2 . At the beginning of the finishing period the animals were very homogeneous for age and BW. The finishing diet did not affect (P > 0.05) the slaughter BW, carcass length and thickness, and LM area. However, the ADG increased with corn supplementation (P < 0.001) and with corn supplementation level (P = 0.007). Bulls supplemented with 4 (P4) or 8 kg corn/day (P8) grew, respectively, 17 and 36% faster than did bulls fed exclusively pasture.
Cold carcass weight increased with corn supplementation (P = 0.045), although no differences were observed between the levels of corn (P = 0.13). The carcass dressing percentage increased with corn supplementation (P < 0.001) and with the level of corn supplementation (P = 0.005).
The corn supplementation dramatically increased (about 250%; P < 0.001) the carcass fat cover from 0.8 mm in P0 bulls to 2.9 mm in P4 and 2.7 mm in P8 bulls. A similar pattern but with more a moderate increase (P < 0.006) was observed for IML, where corn supplementation was 61% greater for P4 and 76% greater for P8. No significant differences were detected for fat cover (P = 0.73) and IML (P = 0.61) between the 2 levels of corn supplementation.
Fatty Acid Composition of Intramuscular Neutral Lipids
The FA content (mg/100 g muscle) in NL of LM and their FA composition are presented in Table 3 , excluding the C18 biohydrogenation intermediates (BI), which are presented in Table 4 . Corn supplementation increased (P < 0.001) the total FA content in NL (+901 mg/100 g muscle from P0 to P4 and +1,351 mg/100 g muscle from P0 to P8), but the difference between P4 and P8 was not significant (P = 0.37). This increase is mainly explained by the increase in 16:0 (+201 mg/100 g muscle from P0 to P4) and in 18:1c9 (+372 mg/100 g muscle from P0 to P4), which together explain 64% of the increase in meat NL FA from P0 to P4.
Therefore, the FA composition of NL comprises mostly C18 FA and 16:0 but includes also several minor linear and branched-chain SFA, cis-MUFA, and very low proportions of PUFA. The 18:0, 16:0, and 14:0 are the main SFA. The 18:0 decreased (P < 0.001) with corn supplementation and tended (P = 0.09) to decrease with increased corn level. Conversely, 16:0 and 14:0 increased with corn supplementation (P < 0.01), but no significant differences were observed between levels of corn supplementation. The same pattern was observed for the all cis-9 MUFA (14:1c9, 16:1c9, and 18:1c9), except for 17:1c9, which continued to increase with the level of corn supplementation (P = 0.005).
All the other SFA, including the branched-, odd-, and minor even-chain FA (12:0, 20:0, and 22:0), and also 16:1c7 and 17:1c8 decreased with corn supplementation when compared with P0. However, only 17:1c8 and iso branched-chain FA, except the iso-18:0, continue to decrease with increased corn supplementation level.
Corn supplementation induced a decrease in both 18:0 and 18:1t11 proportions but increased oleic acid (18:1c9) and most of the other 18:1 isomers. Most of these 18:1 isomers, except the 18:1c9, increased also with the (Table 4 ; Fig.  1 ). The mean values for the 18:1t10 increased from 2.5 on P0 group to 14.5 mg/g of total FA in NL on P8 group (i.e., +500%). However, the variances of 18:1t10 means increased from 0.18 for P0 to 111 for P8 (i.e., + 60,000%). Most of the C18 PUFA present in NL responded to corn supplementation (Table 4) . Linoleic acid (18:2 n-6) was the major PUFA and increased with both supplementation levels compared with P0 and between P4 and P8 (P < 0.01). The same pattern was observed for minor 18:2 nonconjugated (18:2c9,t13 and 18:2t8,c13) and conjugated (18:2t7,c9) isomers. The linolenic acid (18:3n-3) showed an opposite response, decreasing globally (P = 0.004) with corn supplementation, although no significant differences could be found between P4 and P8. Several minor C18 PUFA isomers followed a response pattern similar to that described for 18:3n-3, such as the nonconjugated 18:2c12,c15, 18:2t9,c12, and 18:2t11,c15 or the conjugated 18:2t12,t14 and 18:2t11,c13, whereas others decreased with the increase of corn supplementation level (18:2t9,t12 that co-eluted with 18:2t11,t15, the 18:2t9,t11, and the conjugated triene 18:3c9,t11,c15). Most of the CLA isomers, including rumenic acid (18:2c9,t11), were not affected by corn supplementation, although 18:2c9,t11 tended (P = 0.06) to decrease when corn supplementation was increased from 4 to 8 kg/d. The 18:2c9,t11 present in NL makes up 80, 85, and 93% of total 18:2c9,t11 content in meat lipids for P0, P4, and P8, respectively. Table 3 . Fatty acid (FA) content (mg/100 g fresh muscle) and composition of neutral lipids (mg/g of total neutral lipids fatty acids) of LM of grazing bulls finished exclusively on pasture or supplemented with 2 levels of ground corn 2 CS = corn supplementation (P0 vs. P4 and P8); CSL = corn supplementation level (P4 vs. P8).
3 LC = long-chain; includes 20:2n-6, 20:3n-6, 20:3n-3, 20:4n-6, 20:5n-3, and 22:5n-3. 4 BI = biohydrogenation intermediates; presented in Table 4 .
Fatty Acid Composition of Intramuscular Polar Lipids
The FA content (mg/100 g muscle) in polar lipids of LM and their FA composition are presented in Table 5 , excluding the C18 BI, which are presented in Table 6 . The FA content in polar lipids remained fairly constant through all treatments, averaging 657 mg/100 g muscle. Modifications in the FA profile of polar lipids were present but substantially different than those observed in NL. The proportions of linear and branched-chain SFA and of dimethylacetals (DMA) remained unchanged. The only exception was the increase of 2 minor SFA with corn supplementation (i.e., anteiso-15:0 and 22:0). In contrast to the SFA, most of the unsaturated FA were changed with treatments. The general pattern was that, compared with P0, the n-6 PUFA increased and the cis-9 MUFA and 18:3n-3 decreased with corn supplementation. The 18:2n-6 increased with increasing corn supplementation level (P < 0.001) and both 18:1c9 and 18:3n-3 tended (P < 0.07) to decrease with increasing corn supplementation level. Arachidonic acid (20:4n-6) was the exception to this general pattern, as its concentration remained fairly constant through the treatments. The changes in the minor C18 FA, induced by the diet, were less pronounced in polar lipids than in NL. Nevertheless, corn supplementation increased the proportions of 18:1c11, 18:1t10, and 18:2t10,c12 compared with P0. The increase in 18:1t10 was lower in polar lipids than that observed in NL, increasing only 200% from P0 to P8. Also, the variance inflation found in NL for 18:1t10 was not observed in polar lipids. In general, corn supplementation decreased or tended to decrease several minor 18:1 (c15; t6/t7/t8 and c14/t16 co-eluted peaks), 18:2 (t8,c13 and t11,c13), and 18:3 (c9,t11,c15).
Cis Double Bonds Balance in Polar Lipids Fatty Acids
To evaluate the nature and extent of FA in polar lipid remodeling by corn supplementation, the total number of cis double bonds (DB) in polar lipid FA was calculated considering both the number of cis DB and the proportion of each FA expressed in millimoles per mole of total FA (Table 7) .
The number of cis DB remained notably constant through treatments. The majority of cis DB were located in C18 FA (54 to 61%) followed by C20 FA (25%) and C22 FA (11.6 to 15%) and only less than 3.5% were located in C17 and C16 FA. Treatments induced large changes in cis DB located in C18 FA than in C20 and C22 FA. Corn supplementation (P = 0.06) and the level of corn tended (P = 0.05) to decrease the cis DB in C22 but not in C20 FA. This is mostly due to the significant decrease of cis DB in n-3 C22, which was not fully compensated by the increase in n-6 C22 FA. Corn supplementation globally increased the cis DB located in 18:2n-6 (P < 0.001) and decreased those located in 18:3n-3 (P < 0.001) and 18:1c9 (P < 0.01).
Meat Fatty Acid Content
The content (mg/100 g muscle) of selected FA in meat is presented in Table 8 . Corn supplementation globally increased the total FA, 16:0, 16:1c9, 18:1c9, 18:2n-6, and 18:2c9,t11, but no significant effects were observed when corn supplementation increased from 4 to 8 kg/d. The 18:1t10 increased globally with corn supplementation (P < 0.001), mostly due to the large increase (P = 0.031) observed when corn supplementation increased from 4 to 8 kg/d.
The meat content of the 18:0, 18:1t11, 18:3n-3, and the LC (C20 and C22) PUFA were not affected by corn supplementation (P > 0.05), although when corn increased from 4 to 8 kg/d, the LC n-3 PUFA content in meat tended (P = 0.09) to decrease.
The results of major individual FA are reflected in the partial FA sums, where SFA, trans-FA, cis-MUFA, and n-6 PUFA were increased (P < 0.05) by corn supplementation, and no significant effects were observed when corn supplementation increased from 4 to 8 kg/d. The sum of n-3 PUFA remained unaffected by corn supplementation. The meat n-6:n-3 ratio was quite low in P0 but increased with corn supplementation (P < 0.001) and with the level of corn (P < 0.001).
DISCUSSION
Growth Performance, Carcass Composition, and Intramuscular Lipid Content
Growth performance of bulls, including those fed exclusively on grass, was high compared with data either for Holstein bulls (e.g., Moloney et al., 2004) or Holstein steers (Thénard et al., 2006; Warren et al., 2008) . This may reflect the high allowance of high quality pasture (spring grass and a stocking rate of 1.8 head/ha) and the potential of intact males to grow faster than castrated males (+20%, according to Jarrige and Auriol, 1992) . Assuming a DM intake limit of 2.2 kg/100 kg live weight for beef cattle weighing 450 kg (NRC, 1996) , it is reasonable to assume that diets of P4 and P8 bulls were composed of about 35 and 70% ground corn, respectively.
As expected, supplementing grazing young bulls with corn induced a general adipogenic response as perceived by the increased carcass s.c. fat depth and IML in the LM. Carcasses and muscle from P0 bulls were leaner than those usually reported for grass-finishing steers (Realini et al., 2004; Noci et al., 2005; Padre et al., 2006) but similar to those of grass-finishing bull slaughtered at similar age (Padre et al., 2006 ). In the current research, the intake of ground corn by bulls improved many important parameters of the carcass with implications on both the quantity and quality of meat (i.e., dressing percentage, carcass weight and fatness, and IML).
In respect to IML, 4 kg/d of corn was enough to increase IML from the low level found in young Holstein bulls finished exclusively on grass to more acceptable Table 5 . Fatty acid (FA) content (mg/100 g fresh muscle) and composition of polar lipids (mg/g of total polar lipids fatty acids) of LM of grazing bulls finished exclusively on pasture or supplemented with 2 levels of ground corn 2 CS = corn supplementation (P0 vs. P4 and P8); CSL = corn supplementation level (P4 vs. P8).
3 BI = biohydrogenation intermediates; presented in Table 6 .
values (about 3 g/100 g of meat; Savell and Cross, 1988) but increasing corn level failed to further increase IML. It is well established that the increase of IML is due to the increased deposition of FA as TAG, whereas membrane PL remains fairly constant (Raes et al., 2004) , and our data are fully consistent with that. The fractionation of meat lipids on neutral (mostly TAG) and polar lipids allowed us to evaluate the impact of finishing strategies on meat FA avoiding the confounding effect of increased IML.
Fatty Acid Composition of Intramuscular Neutral Lipids
Corn supplementation of grazing animals induced a large increase of FA present as NL, herein interpreted as TAG, which is indicative of a strong adipogenic response. Corn is particularly effective at increasing glucose metabolic availability, resulting in increased activity of lipogenic enzymatic pathways, particularly of FA synthase and stearoyl-CoA desaturase (SCD; Smith et al., 2009 ). We did not conduct gene expression or enzyme activity assays, but the FA content and profile is clear enough to recognize the known pattern. Most of the increase on NL is probably due to the de novo FA synthesis, particularly 16:0 and 18:1c9, but also 14:0 and all cis-9 and cis-11 MUFA. All of these FA are known to be products of biosynthetic pathways involving the FA synthase, elongases, and SCD.
In growing animals, most of C18 BI deposited in TAG can be expected to be directly originated from intestinal chylomicrons, hence reflecting the pattern available for absorption and, ultimately, their rumen outflow. Indeed, the BI in NL provides good insight into biohydrogenation patterns established in the rumen, considering that some postabsorption delta-9 desaturation of trans BI might occur (Gruffat et al., 2008) . From the detailed BI profile presented in this study, it is clear that increasing the inclusion of supplementary corn changed profoundly the rumen biohydrogenation pathways. The major changes involved a decrease of 18:1t11 and increase of 18:1t10. This shift in the major trans-octadecenoates generated in the rumen with increasing starch availability in the rumen is well known (Sackmann et al., 2003; Aldai et al., 2011) . This shift has important implications for ruminant production, as the reduction of 18:1t11 rumen outflow prevents the enrichment of ruminant products with 18:2c9,t11 (Bessa et al., 2005) . The general explanation for the "t10 shift" involves the qualitative alteration of microbial ecosystem with predominance of bacteria that generate 18:1t10 and not 18:1t11 as the major end product of C18 PUFA biohydrogenation. However, very little is known about which are the major microorganisms responsible for this shift in the rumen and how to prevent or attenuate it in concentrate -fed ruminants (Lourenço et al., 2010) or how to explain the breed effects on the t10 shift (Costa et al., 2013) . Our data show that the occurrence of the t10 shift was clearly associated with increasing corn supplementation.
However, it also shows that the occurrence of the t10 shift is highly variable and does not follow a simple quantitative relationship with corn level. From Fig. 1 , it is evident that increasing the level of dietary corn seems to increase the probability that the t10 shift occurs, but even in P8 3 animals had low 18:1t10 percentages. We attempted to explore any relationship between the occurrences of very high contents of 18:1t10 with live weight, ADG, s.c. fat depth, and IML but no obvious patterns were observed. Grass intake was not monitored, but differences in grass intake might help explain this variability. Presumably animals with very high contents of 18:1t10 did not ingest as much grass compared with the others. Nevertheless, the high variability of some other BI (i.e., CLA) in response to dietary stimulus has been previously recognized (Pavan and Duckett, 2007; Mapiye et al., 2012) . The generation of trans-octadecenoates during biohydrogenation has been proposed to be an adaptive response of the rumen ecosystem to rumen environmental stress (Bessa et al., 2000) . The intake of 8 kg of corn in a single quick meal is certainly stressful for the rumen ecosystem. Recent data on microbial ecology demonstrated that animals maintained in the same farm and fed the same diet presented substantial differences in the microbial populations (Jami and Mizrahi, 2012). Therefore, it is possible that distinct stress response strategies might arise in individual microbial ecosystems (in each animal) submitted to similar stimulus. Several other minor octadecenoates, such as 18:1t6/ t7/t8, 18:1t9, 18:1t15, 18:1c12, 18:1c13, and 18:1c15, were increased mainly when 8 kg of corn were fed, which along with the 18:1t10 changes, indicate that increasing corn level from 4 to 8 kg/d had a large effect on the rumen ecosystem. Conversely, minor 18:2 isomers (t11,c15, c12,c15, t12,t14, t11,t13, and t11,c13 ) and the 18:3 conjugated triene (c9,t11,c15), which are specifically associated with 18:3n-3 biohydrogenation pathways (Bessa et al., 2007) , decreased with corn supplementation reflecting the reduction of grass intake in corn supplemented animals.
Corn supplementation reduced the proportions of 18:1t11 but not 18:2c9,t11 in NL. Most of the 18:2c9,t11 deposited in ruminant meat are assumed to be derived from endogenous desaturation of 18:1t11 catalyzed by SCD (Palmquist et al., 2004; Gruffat et al., 2008) . Corn and concentrate feeding of ruminants is known to increase SCD expression and activity (Daniel et al., 2004; Smith et al., 2009) . Therefore, the maintenance of 18:2c9,t11 in meat NL of corn supplemented bulls might be due to the increased conversion of 18:1t11 to 18:2c9,t11 by SCD. Furthermore, the reduced 18:1t11 proportion might result by both reduced availability due to the rumen t10 shift and increased conversion into 18:2c9,t11.
Although cis methylene interrupted PUFA (cis-PU-FA) are preferentially esterified in muscle PL, the increased dietary availability of 18:2n-6 with corn supplementation was also reflected in FA in NL. Conversely, the expected reduction of grass intake with corn supplementation resulted in a decrease of 18:3n-3 in NL. This pattern has been previously observed comparing grass and concentrate-finished beef (Noci et al., 2005) . Therefore, the contribution of NL to the total 18:2n-6 content in meat is not negligible as demonstrated by our data, where the 18:2n-6 in NL made up 30% of total 18:2n-6 in meat from the P8 treatment. The contribution of NL to the total 18:2n-6 in meat can rise above 60% when IML is very high (Duckett et al., 1993; Moreno et al., 2008) . The same pattern is applicable to the 18:3n-3 present in NL fraction, which in our study made up 47% of total 18:3n-3 in meat from the P8 treatment. The contribution of NL to total 18:3n-3 is quite higher in fatter meats irrespective of feeding systems (Noci et al., 2005 (Noci et al., , 2007 Moreno et al., 2008; Warren et al., 2008) .
Fatty Acid Composition of Intramuscular Polar Lipids
Muscle PL are structural constituents of all biological membranes and their FA composition is under strong regulatory control to ensure proper membrane fluidity and functionality (Hagen et al., 2010) . As intramuscular FA deposition in finishing bovines is due mainly to adipocyte fill with few cellular proliferations, the PL content remain fairly constant with IML increase (Duckett et al., 1993; Wood et al., 2008) . Consequently, the FA esterified in PL, which makes up most of LC PUFA, become diluted by FA esterified in TAG.
The FA composition of PL is expected to be less affected by dietary changes than those from TAG (Raes et al., 2004) . Nevertheless, corn supplementation during the 85 d of finishing induced substantial changes on the FA composition of muscle PL. The changes involved almost exclusively the cis unsaturated FA, whereas the DMA and SFA, including 16:0 and 18:0, remained unaltered. Therefore, the major FA changes in PL associated with corn supplementation are the large incorporation of the 18:2n-6, which extensively replaces the 18:1c9 and 18:3n-3. We had observed the same general pattern in meat PL of forage-fed lamb supplemented with either linseed oil, sunflower oil, or graded mixtures of both (Jerónimo et al., 2009) . A similar pattern is also observable in the Noci et al. (2007) data, where grass-fed steer were supplemented with either sunflower or linseed oil, and by Warren et al. (2008) , comparing animals fed silage with animals fed full fat soybean containing concentrate.
It has been proposed that 18:2n-6 has a priority over 18:3n-3 regarding esterification in PL . In fact, the 18:2n-6 is consistently the major PUFA in muscle PL, even in grass-finished animals (Noci et al., 2005 (Noci et al., , 2007 where the intake of 18:3n-3 is much higher than that of 18:2n-6. In our study, animals fed exclusively pasture had an estimated intake of 211 g/d of 18:3n-3 and 45 g/d of 18:2n-6 and an estimated duodenal flow of 11.7 g/d of 18:3n-3 and 3.8 g/d of 18:2n-6, resulting in absorption of 8.7 g/d of 18:3n-3 and 3.0 g/d of 18:2n-6, assuming a DM intake of 10 kg of grass and applying the predictive models derived in the comprehensive metaanalysis of Glasser et al. (2008) . Therefore, about 3 times more 18:3n-3 is expected to be absorbed than 18:2n-6 in P0 animals and yet muscle PL contained twice as much 18:2n-6 as 18:3n-3, supporting the concept that 18:2n-6 has a higher priority for esterification in PL than 18:3n-3.
We had previously hypothesized that facing large changes in C18 cis-PUFA availability, strong homeoviscous regulatory mechanisms would force compensatory FA remodeling to maintain membrane functionality, and that this was translated in maintenance of total cis DB in membrane FA (Jerónimo et al., 2009) . Present data (Table 7) fully supports this hypothesis, as in spite of extensive remodeling, total number cis DB remained strictly constant. Our present data also suggest that when the changes in C18 cis-PUFA availability are moderate (P4), the compensation can be accommodated with the same chain length class (i.e., C18, C20, and C22). However, when corn supplementation increased to 8 kg/d, the decrease in C22 PUFA was evident and had to be compensated mostly by C18 FA. Membrane lipid composition is under powerful regulatory mechanism powerful regulatory mechanisms that controls not only the unsaturation and chain length of FA esterified in PL but also the relative abundance of individual PL class and membrane cholesterol content (Hagen et al., 2010) . Therefore, complex adaptive responses in lipid composition of membranes might occur to accommodate changes in availability of substrates. The pattern identified in our study fits this general model.
The remodeling of membrane PL is a continuous dynamic process, but quantitative information on PL turnover in ruminant muscle is scarce. Recently, the determination of carbon stable isotopes ratios (δ 13 C) in muscle lipid and lipid fractions of lambs submitted to a diet switch allowing for high or low energy allowances was used to determine the tissue lipids turnover (Harrison et al., 2011) . It was concluded that C turnover in muscle PL proceeds in a steady but slow rate and that high energy allowance increase the C turnover. The slow C turnover rate is probably due to extensive reutilization of already available FA by cycles of lipolysis and re-esterification (Fortin et al., 2010; Harrison et al., 2011) . Our data seems to fit this pattern. All bulls in our study were reared exclusively on pasture. Therefore, at the beginning of the finishing period their muscle PL should have contained an n-3 PUFA composition similar to the P0 group. Introducing corn supplementation resulted in both increased energy allowance and alteration of dietary supply of 18:2n-6 and 18:3n-3. When 4 kg/d of corn was supplied, the reduction of 18:3n-3 and 20:3n-3, compared with P0, was about 20% and only slightly less for 20:5n-3 (15%), whereas the 22:5n-3 and 22:6n-3 remained almost unchanged. However, when corn supplementation was increased to 8 kg/d, a common reduction of about 35% was found for both 18:3n-3 and all its elongation and desaturation products. This suggests that n-3 C22 FA might be more extensively reutilized in PL remodeling resulting in a lower turnover than 18:3n-3 and 20:5n-3, allowing their conservation after 85 d when energy allowance is not too high (4 kg of corn). Increasing corn supplementation probably accelerated the general lipid turnover, including the n-3 C22 PUFA turnover, and an 85 d period might be too long to detect the proposed conservation effect.
Meat Total Fatty Acid Composition
Meat FA composition results from the additive combination of FA composition of both lipid fractions and it is the final output that is relevant for evaluating product quality in respect to potential health effects and sensorial properties for consumers. The importance of meat as a source of bioactive FA have been extensively reviewed and grass feeding beef cattle is associated with a healthier FA profile (Mapiye et al., 2012; McAfee et al., 2011) , particularly due to its n-3 LC PUFA and 18:2c9,t11 content. Conversely, concentrate finishing greatly increases IML resulting in a probable improvement of beef sensorial quality, as observed with meat of young bulls with IML ranging from 1.2 to 2.8% (Costa et al., 2012) .
A moderate corn supplementation (i.e., 4 kg/d) almost doubled the 18:2c9,t11 content in meat while both 18:3n-3 and n-3 LC PUFA retained relatively high contents characteristic of grass-finished animals, which confirms our hypothesis. This was achieved by increasing IML, resulting also in a large increase of 18:1c9, which is positive, but with the increase of SFA and particularly of trans-FA, which is negative regarding the current international human dietary recommendations (FAO, 2010) . Increasing corn supplementation to 8 kg/d brought no additional advantages when compared with 4 kg/d. In fact, very high corn supplementation was deleterious as it tended to reduce the n-3 PUFA and to increase the n-6:n-3 ratio and the 18:1t10 FA.
In conclusion, carcass quality, IML, and FA profile of meat was improved by supplementing grass-finished Holstein bulls with 4 kg/d of ground corn.
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